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Abstract 
We have fabricated undoped and Zr-doped GdBa2Cu3Oy (GdBCO) films on LaAlO3 single-crystal substrates by metal-organic 
deposition (MOD) using 2-ethylhexanate (2-EH) solutions, which contain no fluorine. Zr-doped GdBCO films showed improved 
Jc-B properties compared to the pure films. The Jc and D values of 1-mol%-Zr-doped GdBCO films were 1.58 MA/cm2 and 0.53, 
respectively, while those of the pure films were 1.90 MA/cm2 and 0.68, respectively. 
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1. Introduction 
REBa2Cu3Oy (REBCO; RE = rare earth) thin films have been studied extensively as second-generation 
superconducting wire material because they exhibit a high critical current density (Jc) under large magnetic fields. 
Metal-organic deposition (MOD) is a low-cost, suitable method for mass production of REBCO-coated conductors. 
For high-performance magnets produced by MOD, it is essential to enhance the Jc value under a magnetic field. It is 
well known that the introduction of artificial pinning centers (APC) into REBCO films is effective in enhancing Jc-B 
properties. Among REBCO films fabricated by pulsed laser deposition (PLD), Ba oxides such as BaZrO3 (BZO) [1], 
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Ba-Nb-O (BNO) [2], BaSnO3 (BSO) [3] and BaHfO3 (BHO) [4] have been shown to be particularly suitable APC for 
PLD-produced REBCO thin films. As for REBCO films fabricated by the MOD method, Miura et al. showed that Zr-
doped REBCO films containing BZO nanoparticles fabricated by trifluoroacetate (TFA)-MOD exhibit high Jc-B 
performance [5]. However, there are few reports on APC doping in REBCO films fabricated by the MOD method 
using fluorine-free coating solutions.In the present study, we attempted to dope APC into GdBCO superconducting 
films by the MOD method using Zr-added F-free solutions and investigated the effects on the superconducting 
properties and crystal structure. 
2. Experimental 
Starting solutions for GdBCO were prepared by mixing the appropriate amounts (0.9:2:3) of Gd-, Ba- and Cu-2-
ethylhexanate (2-EH) solutions. Zr-doped GdBCO films were fabricated by mixing the GdBCO solutions with 1 and 
5 mol% Zr-2-EH. The solutions were deposited on 10×10 mm LaALO3(100) single-crystal substrates by spin coating. 
The coated films were dried at 120 °C for 30 min, and then calcined at 600 °C for 30 min in N2. The coating and 
calcination procedure was repeated three times. The calcined precursor films were fired at a heating rate of 5 °C·min-
1 to 855 °C, kept at 855 °C for 30 min and then cooled to room temperature in a tube furnace. The firing was performed 
in a mixture of flowing N2 and O2 with an oxygen partial pressure of 10-6 atm. Finally, the films were annealed at 
500 °C for 2 h in O2. The final thickness of the GdBCO films was estimated to be 300 nm by transmission electron 
microscopy (TEM). The Jc values of the samples under different magnetic fields were calculated from B-M curves 
obtained by a superconducting quantum interference device, by using the Bean’s critical model. 
3. Results and discussion 
Fig. 1 shows X-ray diffraction (XRD) patterns for pure and Zr-doped GdBCO films. Both undoped and Zr-doped 
GdBCO films showed a strong c-axis orientation with no peaks from impurity phases. Among Zr-doped 
superconducting films fabricated by the MOD method, the formation of BaZrO3 nanoparticles was reported for Zr-
doped (Y, Gd)BCO films prepared by the TFA-MOD method [5]. However, no BZO peaks were observed for the Zr-
doped films in the present study. This may be because in the present Zr-doped GdBCO films, the particle size of BZO 
was too small or its crystallinity too poor to be detected by XRD. For the GdBCO films with 10 mol% Zr addition, no 
peaks associated with the c-axis of the GdBCO phase were observed. Fig. 2 shows the dependence of the (003) and 
(006) XRD peak intensities of pure and Zr-added GdBCO thin films on the amount of Zr addition. The peak intensities 
show a maximum at 10 mol% Zr addition, and then decreased with further Zr addition. This result indicates that Zr 
additions above 5.0 mol% strongly affect the crystallization and growth of the GdBCO superconducting phase. In 
YBCO films fabricated by TFA-MOD, Zr addition showed no such strong influence on the growth of the 
superconducting phase [5]. The difference in growth behavior may be attributed to the solution materials and the 
crystallization process [6]. 
 
        
Fig. 1 XRD patterns for pure and Zr-doped GdBCO films.                 Fig. 2 Dependence of XRD peak intensities of pure and Zr-added 
GdBCO thin films on the amount of Zr addition. 
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Fig. 3(a) shows the magnetic field dependence of the Jc of pure and Zr-doped GdBCO films at 77 K. The Jc values 
at the self-magnetic field for pure, 1-mol%- and 5-mol%-Zr-doped films were 1.90, 1.58 and 1.91 MA/cm2, 
respectively. The Tc values for pure1-mol%- and 5-mol%-Zr-doped films were 89.9K, 89.8K and 92.5 K, 
respectively. The Zr-doped GdBCO films revealed superior Jc-B characteristics in comparison to the pure GdBCO 
films. The normalized Jc/Jcs.f.-B characteristics at 77 K for pure and Zr-doped GdBCO film are shown in Fig. 3(b), 
where Jcs.f. denotes Jc at the self-field. The Jc/Jcs.f.-B characteristics of GdBCO films were greatly improved by Zr 
doping. GdBCO films with 5 mol% Zr addition exhibited Jc-B properties comparable to those of GdBCO films with 
1 mol% Zr addition. The fact that Jc-B properties were enhanced by Zr doping suggests that pinning centers of some 
kind were formed in the superconducting phase. In the assessment of Jc-B properties, the value of α is known to be a 
useful parameter for describing the pinning properties in superconducting thin films under a magnetic field [7]. Under 
low magnetic fields (<1 T), the Jc-B curves for our MOD-GdBCO films can be fitted by the equation JcןB-a. At 
magnetic fields between 0.1 and 1 T, the value of the power exponent α was estimated from Fig. 3(a). The log Jc-log 
B plots for the GdBCO films (see Fig. 4(a)) reveal a linear correlation between log Jc and log B with a small deviation 
near 1T. The Zr addition dependence of the α values for the GdBCO films is shown in Fig. 4(b). The α value of 0.68 
for the pure GdBCO film is comparable to those of undoped TFA-MOD YBCO films (~0.60–0.70) [5] and PLD 
YBCO films with weak point-like defects (~0.60) [8]. On the other hand, Zr-doped GdBCO films showed a lower α 
value of 0.53 for 1 mol% doping, and 0.61 for 5 mol% doping, indicating the improvement in Jc-B characteristics due 
to Zr doping. The lower α value of the 5-mol%-Zr-doped films is presumably attributable to poor crystal growth of 
the superconducting phase. The Jc-B characteristics of Zr-doped GdBCO films are different from those of Zr-doped 
TFA-MOD (Y,Gd)BCO films (>65 K); the latter do not exhibit a power-law behavior. Figs. 5(a), 5(b) and 5(c) show 
the scanning electron microscope (SEM) images of pure, 1-mol%-, and 5-mol%-Zr-doped GdBCO films, respectively. 
The pure film showed a relatively coarse surface with many fine precipitates, 0.5 μm in grain size. By contrast, the 
Zr-doped GdBCO films showed relatively flat surfaces with a higher porosity than the pure film. Energy dispersive 
X-ray spectroscope (EDX) analysis revealed the 1- to 3-μm precipitates on the surface of the 5-mol%-Zr-doped 
GdBCO films to be an oxide containing Zr and Ba. The Ba-Zr-O compounds may have formed as a result of the excess 
Zr added to GdBCO during the growth of the GdBCO phase. 
 
 
Fig. 3 Magnetic field dependence of Jc (a) and normalized Jc/Jcs.f. (b) of pure and Zr-doped GdBCO films at 77 K. 
 
 
Fig. 4 (a) Log Jc-log B plots for the 1-mol%-Zr-doped GdBCO film. (b)Power-law coefficient α of pure and Zr-doped GdBCO films. 
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Fig. 5 SEM images of pure (a), 1-mol%-Zr-doped (b) and 5-mol%-Zr-doped (c) GdBCO films. 
 
 
Fig. 6 (a) Cross-sectional TEM image of the 1-mol%-Zr-doped GdBCO film. (b) SAED pattern from the white circle in in the film. (c) Zr 
concentration map of the Zr-doped film. 
 
Fig. 6(a) shows a cross-sectional TEM image of the 1-mol%-Zr-doped GdBCO film. The selected area electron 
diffraction (SAED) pattern obtained from the region indicated as the white circle in Fig. 6(a) is shown in Fig. 6(E), 
indicating the mixture of BZO and BaO in the film. However, the presence of BZO nanoparticles has not been 
confirmed by Zr concentration mapping through TEM-EDX analysis (Fig. 6(c)). The formation of BZO nanoparticles 
with an average diameter of 20 nm was reported for Zr-doped (Y,Sm)BCO films prepared by TFA-MOD [9]. We 
speculate that the formation mechanism of BZO nanoparticles may depend on the coating solution materials used in 
the MOD process. 
4. Conclusions 
Pure and Zr-doped GdBCO films were prepared on LaAlO3 single-crystal substrates by metal-organic deposition 
using 2-ethylhexanate solutions. Improvements were observed in Jc-B properties and surface flatness for Zr-doped 
GdBCO films. Pure, 1-mol%- and 5-mol%-Zr-doped GdBCO films showed Jc and D values of 1.90 MA/cm2 and 0.68, 
1.58 MA/cm2 and 0.53, and 1.91 MA/cm2 and 0.61, respectively. These results suggest that artificial pinning centers 
of some kind may have formed in the GdBCO superconducting phase as a result of Zr-doping. 
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